A purpose of duty-hour regulations is to reduce sleep deprivation in medical trainees, but their effects on sleep, sleepiness, and alertness are largely unknown.
T h e ne w e ngl a nd jou r na l o f m e dicine S leep loss and night work are associated with reduced alertness and cognitive performance 1 and represent a safety challenge for all 24/7 operations, including medicine. [2] [3] [4] [5] [6] To promote the safety of patients and medical trainees, in 2003 the Accreditation Council for Graduate Medical Education established resident duty-hour policies that limited resident workweeks to 80 hours and shifts to 30 hours and in 2011 further limited shifts to 16 hours for interns. 7 Rigorous analysis of observational data revealed essentially no differences in patient mortality after the implementation of either the 2003 or 2011 policy. [8] [9] [10] The 2011 policy changes were largely reversed in 2017, after publication of the Flexibility in Duty Hour Requirements for Surgical Trainees (FIRST) Trial, 11, 12 a national, prospective, cluster-randomized trial of surgical residency programs that showed that surgicalcomplication and death rates were no worse under flexible duty-hour rules (without restrictions on shift length) than under standard rules. In addition to having possible effects on patient safety, duty-hour policies are likely to affect trainee education and the sleep and alertness of trainees.
Although restricting duty hours may reduce the prevalence of acute and chronic sleep loss in interns, 13 transitions into and out of night shifts can result in fatigue from shift-work-related sleep loss and circadian misalignment.
14 Preventing interns from participating in extended shifts may reduce educational opportunities, increase handoffs, and reduce continuity of care. 15, 16 Restricting duty hours may increase the necessity of cross-coverage, contributing to work compression for both interns and more senior residents. 17 Clearly, duty-hour regulations affect interns in complex ways that extend to those responsible for their training. 18 In this context, we created the Individualized Comparative Effectiveness of Models Optimizing Patient Safety and Resident Education (iCOMPARE) trial, a national cluster-randomized trial involving 63 internal-medicine residency programs. 19 Residency programs were randomly assigned either to maintain 2011 duty-hour standards or to use a more flexible set of duty-hour standards, noted principally for removing the 16-hour restriction on shift length for interns in a pattern similar to that in the FIRST Trial (Table S1 in the Supple- mentary Appendix, available with the full text of this article at NEJM.org), during the 2015-2016 academic year.
Although the primary outcome of the iCOMPARE trial focused on patient safety, as reported in a companion article in this issue of the Journal, 20 the trial was designed to simultaneously assess the effects on educational experiences, which were reported previously, 21 and on the sleep and alertness of interns, which we report here. The latter aim was to establish whether sleep and alertness among interns in flexible programs were noninferior to those among interns in standard programs according to prespecified noninferiority margins. In addition to these analyses that were based on averages across all 14 days of the measurement period in each intern, a secondary goal was to investigate how sleep and alertness were affected by the different shift types in flexible and standard programs, with a focus on extended overnight shifts.
Me thods

Trial Procedures and Participants
From the 63 programs participating in the iCOMPARE parent trial, we selected 12 mediumto-large programs, 6 in the standard group and 6 in the flexible group of our trial. (See Section 3 in the Supplementary Appendix for a detailed description of the selection process and Table S2 for a comparison of selected and not-selected programs.) Interns in flexible programs were made aware of the flexible approach to duty hours before starting residency. At each program, coordinators recruited interns who were scheduled for rotations in general medicine, cardiology, or critical care units between November 5, 2015, and May 31, 2016; at programs randomly assigned to flexible rules, coordinators recruited interns who were scheduled to be on rotations that used the more flexible duty-hour standards.
After obtaining written informed consent, coordinators scheduled interns for a single 14-day measurement period, commencing on a Monday, during which the intern underwent continuous sleep-wake measurement by means of actigraphy (a wristwatch-like accelerometer; model wGT3X-BT, ActiGraph) and completed a brief survey followed by a 3-minute Psychomotor Vigilance Test (PVT-B) 22 on a trial-issued smartphone every morning. Actigraphy is a well-established method for sleep-wake measurement 23 that has been used to study sleep patterns in physicians. 13, 24 Actigraphs continuously recorded wrist movements at a sample rate of 30 Hz and ambientlight intensity at a sample rate of 1 Hz. Interns were instructed to wear their actigraph continuously except during activities that might damage the device (e.g., swimming and contact sports), during situations that would disrupt the delivery of medical care, and for any reason they felt the device should not or could not be worn. They were asked to remove the actigraph for up to 2 waking hours for recharging on days 1 and 7. Interns were expected to continuously wear the actigraph for 13 measurement periods of 24 hours each between 9 p.m. on day 1 and 9 p.m. on day 14 .
Each day between 6 a.m. and 9 a.m., interns were asked to complete a brief survey on the smartphone that included a question on the shift that the intern was working, a sleep log (in which they recorded sleep periods during the past 24 hours), a score for sleep quality ( Interns next completed the PVT-B on the smartphone, after which they could leave comments for the trial team. 22 The PVT-B is a validated measure of the stability of vigilant attention that is based on simple reaction time to visual stimuli occurring at random intervals; sustained attention is a prerequisite for more complex cognitive tasks. Extensive evidence supports the sensitivity of the PVT-B to the neurobehavioral effects of acute sleep loss (i.e., extending the wake period beyond the typical 16 hours), chronic sleep loss (i.e., consecutive nights of insufficient sleep), and circadian misalignment. 26 Figure S1 in the Supplementary Appendix shows screenshots of the survey and the PVT-B.
Actigraphy, survey, and PVT-B data were automatically uploaded to a secure server and checked daily for protocol adherence and problems. If problems with data acquisition were reported or no data were received, interns were contacted by the trial team. At the end of their rotation, each intern received a gift card worth $10 for each of the days that data were received. The protocol (available at NEJM.org) was approved by the institutional review board at the University of Pennsylvania. All the authors vouch for the accuracy and completeness of the data and analyses and for the fidelity of the trial to the protocol.
Data
Actigraphy data were classified in 1-minute epochs as wake, sleep, or unknown (see Section 5 in the Supplementary Appendix), and PVT-B data were inspected and classified as generated in a manner that was adherent with instructions, probably nonadherent, or nonadherent as judged by sleep experts who were not aware of the trial-group assignments (see Section 6 in the Supplementary Appendix). Comments that were left by interns were inspected for distractions and non-fatiguerelated impairment (see Section 7 in the Supplementary Appendix).
Statistical Analysis
The primary sleep and alertness outcomes were the average sleep time per 24 hours (noninferiority margin, −0.5 hours), the average score on the Karolinska Sleepiness Scale (noninferiority margin, 1 point on the 9-point scale), and the average number of PVT-B performance lapses (defined as reaction times of >355 msec; a higher number of lapses indicates lower levels of alertness; noninferiority margin, 1 additional lapse), each calculated as the average across trial days for each intern. For epochs with an unknown sleep-wake state (mean, 0.76 days per intern in the flexible group and 0.64 days per intern in the standard group, out of 13 expected days), we used single imputation with stratification according to program (standard or flexible), shift type reported by the intern (e.g., day, night, or off), and time of day (1440 periods of 1 minute each) (see Section 8 in the Supplementary Appendix). For the other outcomes, missing data were not imputed. Linear mixed-effects models with random program intercepts were used for noninferiority analyses.
T h e ne w e ngl a nd jou r na l o f m e dicine
The noninferiority margin of −0.5 hours for sleep duration was informed by a consensus statement of the American Academy of Sleep Medicine and the Sleep Research Society that "adults should sleep 7 or more hours per night on a regular basis to promote optimal health," 27, 28 similar risks for several outcomes in the sleepduration categories of 6 to 7 hours and 7 to 8 hours, 28 and an expected sleep duration in standard programs of approximately 7 hours. 19 Noninferiority margins for the PVT-B performance lapses and the score on the Karolinska Sleepiness Scale were informed by studies on chronic sleep restriction 29, 30 and reflect the smallest meaningful changes for these outcomes.
The calculated sample size (with the assumption of 90% power, a one-sided type I error of 0.05, and a noninferiority margin of 0.5 hours of sleep time) was 290 interns. The recruitment goal was increased to 384 interns to mitigate any data loss related to nonadherence and dropouts.
We report P values and one-sided 95% confidence intervals unadjusted for multiple comparisons for our three primary comparisons. A 95% confidence interval that does not overlap with the noninferiority margin indicates noninferiority at a P value of less than 0.05. A plan for adjustment for multiple comparisons was not prespecified in the protocol; we conducted post hoc adjustment using the Benjamini-Hochberg method 31 to account for the multiple comparisons entailed by our use of three primary outcomes and report the effects of those adjustments on our results.
Sensitivity analyses (not prespecified in the protocol) with adjustment for intern age and sex were also performed, because both factors affect sleep duration and alertness. 32, 33 For PVT-B data only, additional sensitivity analyses were performed on the subgroup of interns classified to be adherent and the subgroup of test periods in which interns did not report distraction or nonfatigue-related impairment. For analyses stratified according to shift type, data collected on shifts of the same type were first averaged for each intern (see Section 9 in the Supplementary Appendix). Hierarchical mixed-effects models with random intercepts for programs and interns (clustered within programs) were fit for analyses according to shift type, and least-square means and their differences were calculated for the different shifts. All analyses were conducted with SAS software, version 9.4 (SAS Institute).
R esult s
Program Characteristics
Data
Noninferiority Analyses
Across shifts, the average sleep time per 24 hours was 6.85 hours (95% confidence interval [CI], 6.61 to 7.10) among interns in flexible programs and 7.03 hours (95% CI, 6.78 to 7.27) among those in standard programs. Sleep duration in flexible programs was noninferior to that in standard programs (between-group difference, −0.17 hours per 24 hours; one-sided lower limit of the 95% confidence interval, −0.45 hours; noninferiority margin, −0.5 hours; P = 0.02 for noninferiority) (Fig. 1A) .
Across shifts, average scores on the Karolinska Sleepiness Scale were similar in flexible programs (4.8 points; 95% CI, 4.7 to 5.0) and standard programs (4.7 points; 95% CI, 4.6 to 4.9), and scores in flexible programs were noninferior to those in standard programs (between-group difference, 0.12 points; one-sided upper limit of the 95% confidence interval, 0.31 points; noninferiority margin, 1 point; P<0.001 for noninferiority) (Fig. 1B) . Across shifts, the average number of PVT-B performance lapses was 5.3 (95% CI, 3.7 to 7.0) among interns in flexible programs and 5.7 (95% CI, 4.1 to 7.3) among those in standard programs. Results for alertness according to the PVT-B did not meet the criteria for noninferiority (between-group difference, −0.3 lapses; one-sided upper limit of the 95% confidence interval, 1.6 lapses; noninferiority margin, 1 lapse; P = 0.10 for noninferiority) (Fig. 1C) .
Sleep duration and the score on the Karolinska Sleepiness Scale in flexible programs remained noninferior to those in standard programs at an alpha level of 0.05 after Benjamini-Hochberg adjustments for multiple testing (three comparisons). 31 None of the sensitivity analyses changed the conclusions based on the main analyses (Fig.  S9 in the Supplementary Appendix). Flexible programs and standard programs were similar with respect to the score for sleep quality (3.6 in flexible programs and 3.6 in standard programs), percentage of days on which at least one period of excessive sleepiness was reported (61.5% and 55.2%), percentage of days with a high score (8 or 9) on the Karolinska Sleepiness Scale (12.1% and 8.3%), and percentage of days on which the sleep duration was less than 7 hours (49.1% and 53.5%) or less than 6 hours (28.4% and 22.0%) ( Table S5 in the Supplementary Appendix).
Analyses Stratified According to Shift Type
Despite similarities across shifts, the sleep duration per 24 hours varied considerably among different shift types within flexible and standard programs (Table 1; see Fig. 2 for a schematic of the different shift types). Although interns in flexible programs obtained some sleep during and after extended overnight shifts (Fig. 3A) , their sleep duration per 24 hours was shortest (5.12 hours) relative to all other shifts in flexible programs. The number of PVT-B performance lapses (7.8), the score on the Karolinska Sleepiness Scale (6.8), the percentage of days with a high score (8 or 9) on the Karolinska Sleepiness Scale (38.6%), and the percentage of days on which at least one episode of excessive sleepiness was reported (87.7%) were also maximal on mornings at the end of extended overnight shifts (Table 1, and Table S5 in the Supplementary Appendix). Excessive sleepiness was most often reported for the period 12 a.m. to 6 a.m. (63.2% of days; 6 a.m. to 12 p.m., 33.1%; 12 p.m. to 6 p.m., 13.0%; and 6 p.m. to 12 a.m., 21.2%). The quality of sleep during extended overnight shifts was lower than that of sleep before day shifts (score, 2.4 vs. 3.7 on a 5-point scale from bad [1] to good [5] ) (Table S5 in the Supplementary Appendix).
Interns in flexible programs slept longer than those in standard programs on nights before and during the first day of extended overnight shifts (7.67 hours vs. 6.74 hours) (Fig. 3B) . Point estimates also indicated that interns in flexible Shown are unadjusted 95% confidence intervals for the difference between interns in flexible programs and those in standard programs, with respect to average sleep duration per 24 hours (Panel A), average score on the Karolinska Sleepiness Scale (Panel B), and average number of performance lapses on the brief Psychomotor Vigilance Test (PVT-B) (Panel C). Scores on the Karolinska Sleepiness scale range from 1 (extremely alert) to 9 (extremely sleepy, fighting sleep); performance lapses on the PVT-B were defined as reaction times of more than 355 msec, with a higher number of lapses indicating lower levels of alertness. Noninferiority tests were one-sided, with noninferiority margins of −0.5 hour, 1 point on the Karolinska Sleepiness Scale, and 1 additional lapse on the PVT-B, respectively. Analyses indicate that the sleep duration per 24 hours and subjective ratings of sleepiness in flexible programs were noninferior to those in standard programs, whereas noninferiority was not established for objectively assessed alertness according to the PVT-B. Sleep duration and the score on the Karolinska Sleepiness Scale in flexible programs remained noninferior to those in standard programs at an alpha level of 0.05 after Benjamini-Hochberg adjustments 31 for multiple testing (three comparisons). The 95% confidence intervals in the figure have not been adjusted for multiple comparisons, and inferences drawn from these intervals may not be reproducible. Noninferiority margin, 1 lapse
P=0.10 for noninferiority
Noninferiority of Flexible Programs
T h e ne w e ngl a nd jou r na l o f m e dicine programs had more sleep than those in standard programs on nights before and during regular day shifts (6.89 hours vs. 6.74 hours) (Fig. 3C ) and on nights before and during days off (9.05 hours vs. 8.81 hours) (Fig. 3D) . Interns in flexible programs, as compared with those in standard programs, had a lower percentage of days with a sleep duration of less than 7 hours (49.1% vs. * Confidence intervals have not been adjusted for multiple comparisons, and inferences drawn from the intervals may not be reproducible. † Scores range from 1 (extremely alert) to 9 (extremely sleepy, fighting sleep). ‡ Performance lapses on the brief Psychomotor Vigilance Test (PVT-B) were defined as reaction times of more than 355 msec. A higher number of lapses indicates lower levels of alertness. § In flexible programs, days that had missing shift information or were classified by the interns as having a regular night shift were reclassified as "other" (see Section 8 in the Supplementary Appendix). In standard programs, days that had missing shift information or were classified by the interns as starting or finishing an extended overnight shift were reclassified as "other." Gray bars depict typical work periods for the different shift types in standard and flexible programs. Interns were instructed to take the survey and PVT-B between 6 a.m. and 9 a.m. every day. An extended overnight shift in flexible programs spanned across 2 days. The work period started in the morning of day 1 and concluded at approximately noon on day 2. In this shift, the survey and PVT-B were administered once at the beginning of the shift on day 1 and a second time 24 hours later close to the end of the shift on day 2. The actual placement and duration of shifts in standard and flexible programs may have differed for individual programs.
53.5%) and a higher percentage of days with a sleep duration of less than 6 hours (28.4% vs. 22.0%) ( Table S5 in the Supplementary Appendix). Interns in standard programs had 2.23 more hours of sleep during night-shift days than interns in flexible programs during extended overnight shifts (7.35 hours vs. 5.12 hours) (Fig. 3A) . Although the two groups had similar amounts of sleep during the night, interns in standard programs retired much earlier for a longer sleep period during the day after the night shift. Unexpectedly, interns in standard programs also slept longer on days when they worked night shifts than on days when they worked day shifts (7.35 hours vs. 6.74 hours), probably owing to the extra sleep while they were on night shifts (Fig. S10 in the Supplementary Appendix).
Discussion
The results of our trial support the noninferiority of flexible duty-hour rules to standard rules with respect to sleep time per 24 hours across shifts and interns' assessments of their morning sleepiness. Noninferiority of the flexible rules with respect to objectively assessed alertness was not established according to the prespecified noninferiority margin.
Despite losing more than 1.5 hours of sleep per 24 hours on extended overnight shifts as compared with regular day shifts, interns in flexible programs averaged only 10 minutes less sleep per day across the 14-day trial period than interns in standard programs. A behavioral homeostatic response of sleeping when possible was reflected in the finding that interns in flexible programs slept longer than those in standard programs on nights before day shifts, before extended overnight shifts, and before days off. This sleep regimen meant that interns in flexible programs had a lower percentage of days with a sleep duration of less than 7 hours. The fact that all interns were confined by a weekly maximum of 80 hours of work, a minimum of 1 day off every 7 days, and in-house calls no more frequent than every third night probably contributed to the noninferiority of average daily sleep times in flexible programs, because these work-schedule restrictions afforded strategic sleep opportunities before and after shifts. Average sleepiness scores across shifts were in the normal range for an employed population, 34 but interns in both trial groups reported at least one period of excessive sleepiness on more than 50% of the trial days.
Analyses that were stratified according to shift type confirmed previous concerns about interns' reduced sleep and alertness during and after extended overnight shifts. The sleep duration was shorter on days when interns finished an overnight shift than on days when they worked day shifts, with lower levels of alertness, higher scores on the Karolinska Sleepiness Scale, and more frequent reports of excessive sleepiness, especially between 12 a.m. and 6 a.m. Countermeasures for reduced alertness during extended overnight shifts include naps; both 5-hour and 3-hour protected sleep periods are feasible during extended overnight shifts and are associated with increased sleep duration and alertness, the latter without requiring additional resident crosscoverage. 35, 36 Sleep inertia, a period of reduced alertness and performance deficits after being awakened from naps, can pose a problem for performance shortly after awakening 13, 37 but may be mitigated by caffeine intake before or after the sleep. 38 There were only a few instances when interns in standard programs transitioned from a day shift to a night shift during the data-collection period. The trial was not powered to determine whether sleep and alertness were affected during the first days of this transition period. However, a comparison of night shifts with day shifts in the standard programs across all days of a shift showed no signs of acute or chronic sleep loss, because both alertness and sleepiness were similar.
Strengths of this trial include the sample size, objective measurements of sleep (with actigraphy) and alertness (with the PVT-B), and a rigorous blinding through all stages of data collection and analysis. Limitations include its lack of generalizability to interns in smaller internalmedicine programs and in different specialties, although it is unlikely that sleep patterns relative to call cycles and the physiological relationship between sleep loss and alertness would differ for interns in different programs.
In conclusion, intern sleep duration and sleepiness in programs that followed flexible dutyhour rules were noninferior to those in programs that followed standard rules, whereas results for alertness did not meet prespecified noninferiority criteria. Interns in flexible programs were able to compensate for the sleep lost during extended overnight shifts by increasing sleep duration on nights before day shifts, night shifts, and days off, findings that suggest a role for fatiguemanagement training in residency. At the same time, this trial confirms that acute sleep loss and circadian misalignment reduce intern alertness during extended overnight shifts.
